Keywords: Heterogeneous catalysis · neutron diffraction · in situ studies · methanol synthesis · Cu/ZnO/Al 2 O 3 catalyst Heterogeneous catalysts are dynamic materials that interact with the gas phase present in catalytic reactions. Changes that may occur when a catalyst is in contact with reactive molecules comprise adsorbate-induced surface reconstruction, [1] surface segregation, [2] inclusion of foreign atoms from the gas phase into the sub-surface [3] and compound formation in the bulk such as oxide, [4] hydride, [3] carbide [5] or nitride [6] formation of a metal catalyst. These modifications will affect the catalytic properties and depend on the chemical potential of the gas phase species. An extrapolation of experimental results obtained at low pressure to pressure regimes of industrial relevance is often not straightforward ("pressure gap" [7] ). To better understand the impact of dynamic catalyst changes, application of in situ techniques [8] working at industrially relevant conditions is desirable. Here, we report on the potential of neutron diffraction (ND) as a tool for in situ analysis of heterogeneous catalysts. ND studies have been carried out on many inorganic materials in various sample environments. [9] Pioneering in situ ND studies of catalysts has been performed by Turner et al. [10] and Walton et al. [11] Inelastic neutron scattering was used for catalyst characterization, e.g., by the groups of Albers, Lennon and Parker. [12] Similar to in situ XRD, [13] ND is complementary to other in situ techniques used in catalysis research, such as ambient pressure XPS, [14] XAFS [15] or Raman spectroscopy. [16] It is uniquely suitable for in situ-studies in thick-walled metallic tubular reactors which allow application of realistic reaction conditions. No special pressure-tight windows or complex reactor design is required, if a wall material is chosen that shows only minor absorption of neutrons and thus allows sufficient penetration through the walls.
Heterogeneous catalysts are dynamic materials that interact with the gas phase present in catalytic reactions. Changes that may occur when a catalyst is in contact with reactive molecules comprise adsorbate-induced surface reconstruction, [1] surface segregation, [2] inclusion of foreign atoms from the gas phase into the sub-surface [3] and compound formation in the bulk such as oxide, [4] hydride, [3] carbide [5] or nitride [6] formation of a metal catalyst. These modifications will affect the catalytic properties and depend on the chemical potential of the gas phase species. An extrapolation of experimental results obtained at low pressure to pressure regimes of industrial relevance is often not straightforward ("pressure gap" [7] ). To better understand the impact of dynamic catalyst changes, application of in situ techniques [8] working at industrially relevant conditions is desirable. Here, we report on the potential of neutron diffraction (ND) as a tool for in situ analysis of heterogeneous catalysts. ND studies have been carried out on many inorganic materials in various sample environments. [9] Pioneering in situ ND studies of catalysts has been performed by Turner et al. [10] and Walton et al. [11] Inelastic neutron scattering was used for catalyst characterization, e.g., by the groups of Albers, Lennon and Parker. [12] Similar to in situ XRD, [13] ND is complementary to other in situ techniques used in catalysis research, such as ambient pressure XPS, [14] XAFS [15] or Raman spectroscopy. [16] It is uniquely suitable for in situ-studies in thick-walled metallic tubular reactors which allow application of realistic reaction conditions. No special pressure-tight windows or complex reactor design is required, if a wall material is chosen that shows only minor absorption of neutrons and thus allows sufficient penetration through the walls. [17] ND is a bulk-sensitive method that gives quantitative, average structural (lattice parameter) and microstructural (domain size, lattice strain, defects) information. In contrast to XRD, the scattering power is independent of the diffraction angle providing diffraction peaks at higher angles with higher intensity. This is in particular useful for the investigation of nanomaterials with highly symmetric crystal structures that often suffer from few and weak XRD peaks available for structural analysis. Figure 1 compares ex-situ ND with XRD data and shows a TEM image of the Cu/ZnO/Al 2 O 3 catalyst used in this study.
Such catalysts are employed for the industrial synthesis of methanol from syngas (H 2 /CO/CO 2 ). While being used today mainly as a base chemical and a feedstock for chemical industry, methanol has interesting potential as a sustainable synthetic fuel in a future energy scenario [18] if produced from anthropogenic CO 2 and regenerative H 2 . The exothermic methanol formation is favoured at low T and high P. In the industrial process it is conducted at T = 493 -573 K and P = 3.5 -10 MPa. [19] The nature of the active sites of Cu/ZnO/Al 2 O 3 catalysts and of the often observed "Cu-ZnO synergy" has been vividly debated.
[19b] For instance, a model emphasizing the role of defects found in the active Cu phase after the industrially applied synthesis [20] seems in apparent contradiction to a model focusing on the dynamic interaction of Cu and ZnO leading to dynamic morphology changes of the Cu particles.
[21]
The latter was related to metal-support interaction and observed on supported model catalysts. Due to the high mobility of Cu according to this model, annealing of structural defects can be expected under working conditions. Based on a structure-activity correlation and DFT calculations, we have recently presented a model for the active site of methanol synthesis that combines both views. [22] Planar defects have been shown to lead to changes in surface faceting of the Cu nanoparticles associated with formation of steps and kinks that represent high energy surface sites of special catalytic activity. For a series of Cu/ZnO-based catalysts a linear correlation of the defect concentration with the intrinsic activity of the exposed Cu surface was observed. In addition, surface decoration [21a] of Cu with ZnO x by strong metal support interaction [23] (SMSI) has been confirmed by HRTEM and in situ-XPS on a high-performance catalyst. [22] Hence, ZnO rather than Cu seems to be the mobile component in course of Cu-ZnO interaction, thus enabling dynamic changes and a static Cu defect structure at the same time. The predominating planar defects in the Cu particles are twin boundaries and stacking faults that can be observed in TEM images (Fig. 1b) and quantitatively studied with diffraction techniques.
In the present study, an industrial Cu/ZnO/Al 2 O 3 catalyst with similar properties as the materials presented in ref. [20] has been used for methanol synthesis and its microstructure has been studied near industrial working conditions using in situ ND. A typical syngas mixture was applied at 523 K and 6 MPa in a continuous flow reactor, which was described in detail elsewhere. [17] Catalytic activity studies in the laboratory at differential conditions confirmed stable methanol productivity in the range reported for state-of-the-art Cu/ZnO/Al 2 O 3 catalysts. During the ND experiment the reaction was in thermodynamic equilibrium simulating the chemical potentials of the gas phase in an industrial reactor near the very end of the catalyst bed and in the outlet. At the same time, equilibrium guarantees a largely homogeneous and gradient-free catalyst bed for ND studies. Analogous in situ diffraction studies were carried out in a high-flux experiment with a time resolution of 5 min (ILL, Grenoble, France) [24] and in a high instrumental resolution experiment (Bragg Institute, Lucas Heights, Australia). [25] The catalyst was reduced in a D 2 stream in the reactor prior to the catalytic reaction. During the in situ study, methanol was detected at the outlet of the reactor by mass spectrometry. Figure 2 shows the high-resolution neutron diffraction patterns of the reduced catalyst in 0.1 MPa Ar at 523 K right before the synthesis and during synthesis under 6 MPa of syngas after 3 and 24 h time-on-stream (TOS). The Rietveld-fit of the fresh catalyst in Ar (Fig. 2, top) reveals the presence of fcc-Cu as the major phase with a unit cell length of a = 3.6268 (± 0.0008) Å at 523 K (more results of the Rietveld analysis are presented as supporting information). Additional weaker peaks of the catalyst are due to the ZnO component (green profile). No major changes of the Cu phase are obvious from a first comparison of the three ND patterns recorded at different conditions and the lattice parameter of Cu does not vary significantly. Thus, bulk inclusion of C or H species from the gas phase in the Cu lattice of working catalysts can be readily excluded. Only a slight sharpening of the Cu peaks can be detected, which corresponds to an increase in crystalline domain size from 5.9 (± 0.1) nm to 6.4 (± 0.1) nm with time and is due to sintering of the Cu particles, which is a relevant deactivation mechanism of methanol synthesis catalysts. Planar defects have been observed in a comparative TEM and XRD study of similar Cu/ZnO/Al 2 O 3 catalysts. [20] Such defects are expected to contribute to the anisotropic broadening of the ND peaks, but line profile analysis turned out to be complex and data analysis suffered from the nanostructured nature of the samples and the in situ conditions (for details see supporting information). However, application of a pattern decomposition method has been shown [22] to allow qualitative confirmation of the presence of stacking faults in the Cu nanoparticles. This evaluation is based on the peak positions, which can be determined with higher precision compared to the other peak profile parameters.
An ideal defect-free Cu is expected to show a ratio of the distances between the (111) and (200) lattice planes of 2/√3 = 1.1547. The presence of stacking faults causes a shift of the 111 and 200 peaks towards each other and lowers this ratio. [27] Careful evaluation of the peak positions of the ex-situ ND data shown in Figure 1a revealed that such a shift is also found for the catalyst under study here. Additionally, a consistent opposite shift of the 222 and 400 reflection pair was observed too (Fig. 1a, inset) , which also confirms the presence of stacking faults. Furthermore, HRTEM observations provide further evidence for this type of planar defects in the catalyst as shown in Figure 1b . The resulting deviation from cubic symmetry can be used as a measure for the stacking fault probability . Based on the lower order reflection pair, that exhibits well-defined peaks even in the in-situ ND data,  is calculated according to
[27] Figure 3 shows the evolution of d 111 /d 200 of the Cu catalyst versus TOS during methanol synthesis.
Similar values are obtained in both the high-flux and the high-resolution experiments that are significantly lower than that observed for a macrocrystalline Cu reference powder measured in the same reactor tube. It is noted that the experimental values of this defect-poor reference deviate from the theoretical value expected for a perfect fcc lattice in both experiment (cf. right hand axis in Fig. 3b ). This is attributed to systematic displacement errors of the complex in situ cell at the beamline, which will lead to an offset-like effect in d 111 /d 200 and also causes the slight difference of this parameter obtained from ex-situ and in-situ data of the same catalyst as seen in Figure 1a and 3. Thus, in contrast to previously reported ex situ ND data, [22]  is evaluated in a semi-quantitatively fashion in this study and only the consistent internal trends observed during the two in situ experiments are discussed in the following. However, it is noted that the magnitude of deviation between catalyst and reference on the -scale corresponds to a few %, which is in agreement with previous studies of similar materials. [20, 22] These results confirm that the Cu phase in the active catalyst bears stacking faults. Furthermore, this data proves that the planar defects in the Cu nanoparticles are relatively stable under working conditions and do not disappear when switching from Ar to syngas on a time scale proposed for Cu morphology changes (< 30 min [21c] ), but resist for 24 hours TOS. Annealing of the defects would lead to an approach toward the reference value, which is in both experiments hardly significant in the investigated time interval.
Figure 3 reveals that the difference between the catalytically active copper phase and a bulk reference copper material, that has been observed before [20] and ascribed to the peculiar microstructure of the former, [28] is mostly conserved under working conditions. This finding supports the concept of a rather static Cu bulk phase, which maintains its defect structure. It is noted that no conclusion on dynamic surface behaviour like surface diffusion, surface reconstruction or re-crystallization can be made based on these results obtained by a bulk diffraction method. Such surface mobility (and an effect of the gas atmosphere on it) seems even very likely considering the low Hüttig temperature of Cu and the beginning sintering of the nanoparticles observed in the experiment. However, the bulk stability of the Cu particles, suggest that the observed strong interactions between Cu and ZnO [22] manifest themselves rather in form of mobile ZnO x than mobile Cu in the industrial high performance catalyst. The material under study here exhibits relatively large Cu nanoparticles and poorly crystalline ZnO and the observations are not necessarily in contradiction with previous reports of a mobile Cu phase and static ZnO, which were made on highly crystalline ZnO decorated with very small Cu particles, [21] as such differences might be able to cause to a switch of the mobile component during SMSI-induced dynamics.
To study the response of the catalyst to higher T than applied for methanol synthesis, the sample has been heated after the 24 h TOS experiment in D 2 atmosphere to 603 K (high resolution experiment) and 653 K (high-flux experiment). This is beyond the temperature limit of approximately 573 K, which should not be exceeded in methanol synthesis to suppress activity loss due to sintering. [26a] At 603 K the Cu crystallites have grown significantly to 9.4 (±0.2) nm as revealed by ND peak width analysis. At the same time, also the defects have been annealed and  is at the same level as the bulk reference (Fig. 3a) showing the strong effect of temperature on the bulk mobility of the Cu particles by approaching the Tammann temperature. According to a simple estimation, bulk re-crystallization is expected to start at 0.5 T M , which in case of Cu is at 679 K.
The evolution of the Cu lattice parameter over the full T-range is shown in Figure 4 (high flux data). The thermal expansion of the reference Cu powder as well as of the catalyst is linear at T < 523 K. Interestingly, the lattice parameters at room temperature as well as the thermal expansion coefficient of catalyst and reference differ. The extrapolated Cu lattice parameter is 3.6114 (± 0.0009) Å for the catalysts and thus 0.1% smaller than that of the bulk reference, which corresponds to the literature value. The slightly lower value for the catalyst is in agreement with ex situ results [22] and ascribed to the complex microstructure of the composite catalyst. Lattice contraction might be due to the lower particles size as observed for many metals [29] or to the effect of defects. However, since the metal particles in this catalyst are relatively large and the effect of stacking faults on the average lattice parameter is low, the most likely explanation is the interfacial contact with the oxide phase. Also different thermal expansion coefficients have been previously observed for nanomaterials compared to their bulk counterparts [30] and are probably also influenced by the contact to the oxide phase and the presence of defects. It can be seen in Figure 4 that the period of methanol synthesis over 12 hours (dashed square) did not lead to any lattice expansion. Thus the beginning formation of -brass in the bulk of the Cu particles by partial reduction of the ZnO component can be safely excluded during methanol synthesis under industrial conditions. Spencer [31] reported a low diffusion coefficient of zinc in copper at methanol synthesis condition of 523 K that increased when going to 623 K. Accordingly, brass formation is observed at higher T in D 2 and causes a deviation from the linear behaviour starting at around 603 K. In this T-regime, thermal expansion is superimposed to the lattice expansion due to successive substitution of Cu by larger Zn atoms in the newly formed alloy as is evidenced by the continuing lattice expansion in the isothermal regime at 653 K (Fig. 4, inset) . Based on the results of Grazzi et al., [32] the concentration of Zn in the alloy can be estimated to 4.88 (± 0.05) mass-% after 100 minutes of isothermal treatment at 653 K in 0.1 MPa D 2 .
In summary, the potential of in situ ND to study solid catalysts in a realistic reactor at high pressure conditions that are relevant for applications has been demonstrated for a Cu/ZnO/Al 2 O 3 methanol synthesis catalyst. The metallic Cu component is nanostructured and highly defective. The deviation from ideal bulk-Cu is manifested in a lattice contraction at room temperature and an increased thermal expansion coefficient. In addition, a high concentration of stacking faults has been detected in the Cu nanoparticles. These bulk defects were shown to be stable upon changing the gas atmosphere to partial pressures as applied in industrial methanol synthesis. Also, the bulk inclusion of reactive species from the gas phase as well as the formation of brass during methanol synthesis can be excluded. The latter alloying as well as the annealing of the bulk defects was observed only at significantly higher T than used in the industrial process. Under reaction conditions, the bulk integrity of the nanoparticles as well as the non-ideal nature of Cu was found to be relatively stable in industrial catalysts. Thus, the results suggest that the interaction between metal and oxide during methanol synthesis involves dynamics of the poorly crystalline ZnO component rather than of the whole bulk of the Cu particles and affect only the Cu surface.
Future work using this methodology will aim at correlation of the described structural properties with catalytic performance and include information about the evolution of the microstructure with deactivation of the catalyst over a longer TOS.
Experimental Section
The catalyst was provided by Clariant Produkte (Deutschland) GmbH. The methanol synthesis reaction was done at 523 K and 6 MPa in thermodynamic equilibrium with a syngas mixture (CO 2 :CO:D 2 :Ar = 8:6:75:6) in a flow cell described previously. [17] Diffraction experiments were carried out on D1B (ILL, Grenoble, F) [24a] and on ECHIDNA (ANSTO, Lucas Heights, AUS). [25] Sieve fractions of the catalyst and the polycrystalline Cu reference (99,8%, Heraeus) were used (200-300 µm). Rietveld refinement was done with the Topas 4.2 software. Multiple peak fitting during pattern decomposition was carried out with OriginPro 8.5 peak analyzer. For more experimental details, please refer to the supporting information.
Supporting information
In-situ study of catalytic processes at high temperatures: Neutron diffraction of a methanol synthesis catalyst under industrial conditions 
Sample preparation and catalytic experiments
Approx. 6g of the catalyst precursor CuO/ZnO/Al 2 O 3 were loaded into the flow cell.
[S1] Reduction of the catalyst was carried out under a flow of 100 Nml/min pure D 2 at 1 atm, while the heating rate was 1 K/min up to 523 K. Afterwards, the feed was changed to Ar to acquire a diffraction pattern of the activated catalyst before methanol synthesis. On the ILL-experiment, methanol synthesis was carried out for 12 h under 6 MPa syngas (CO 2 :CO:D 2 :Ar = 8:6:75:6) at thermodynamic equilibrium with a flow of 167 Nml/min, on the ANSTO experiment for 24 h under the same conditions. After 12 h of synthesis at ILL, the feed was switched to D 2 (1 atm) again and the catalyst bed was heated to 653 K with a heating rate of 5 K/min. After reaching the final temperature, the sample was kept isothermally for 100 min. After the 24 h of methanol synthesis at ANSTO, the catalyst bed was purged with Ar (1 atm) to acquire a pattern after synthesis. Afterwards, the bed was heated up in D 2 (1 atm) to 603 K, and kept at that temperature for additional 12 h. After that time, a pattern of the annealed sample was recorded. As a reference, polycrystalline Cu powder was heated from RT to 523 K in Ar with a heating rate of 1 K/min in the same setup.
Neutron beamline configurations

High-flux experiments
At ILL the beamline D1B was used. While requesting the highest available neutron flux for a sufficient time resolution of the experiment, a focusing, highly oriented pyrolitic graphite monochromator was used to select a wavelength of λ=2.52346 ±0.000129 Å (refined using a Na 2 Ca 3 Al 2 F 14 standard), which led to an effective flux of 6.5 × 10 6 n cm -2 s -1 at the sample. By setting the 3 He/Xe position-sensitive detector [S2] to a take-off angle of 45° the angular range up to 125° 2θ (corresponding Q-range 1.91 Å -1 to 4.42 Å -1 ) was covered. While having the highest possible flux on the instrument, the average acquisition time per pattern was 5 min.
High-resolution experiments
The ECHIDNA-diffractometer used at ANSTO was designed for collecting high-resolution powder diffraction data. The Ge (335) monochromator provides a wavelength λ=1.62275 ±0.0000203 Å (refined using a LaB 6 standard). A large array of 128 Position-sensitive 3 He detectors enables access to an angular range of 4° to 164° in 2θ (corresponding Q-range 0.28 Å -1 to 7.7 Å -1 ). While the instrument configuration was set to reach a resolution of ∆d/d ~5 × 10 -4 the average acquisition time per pattern was 1 h or 2 h. More specifications about the beamline could be found in ref.
[S3].
Data evaluation procedures and selected results
Rietveld refinement of neutron diffraction patterns
As a first step Rietveld refinements of the neutron diffraction patterns were done in the range 15-160° 2θ (corresponding to 0.2736 Å -1 to 7.6655 Å -1 ) using the software package TOPAS 4.2 as shown Figure 1 of the main paper. The background was modeled using a forth order Chebychev-polynomial. The neutron wavelength was refined with a NIST LaB 6 standard sample (SRM 660a) (instrument data file: ECH0005658, FHI database entry number: ID550625) to 1.62275 (±0.00000203) Å and fixed during the refinements of the catalyst sample. Some technical details and selected results of the refinements are listed in Tables S1 and S2 , respectively. This analysis was performed on the catalyst in Ar before synthesis (ECH0005667, ID550634), after 3 h synthesis under synthesis conditions (ECH0005669, ID550636), after 24 h under synthesis conditions (ECH0005683, ID550651), of the Cu-refence (ECH0005657, ID550624) and the sintered catalyst (ECH0005693, ID550661). Fig. 2b and 3 of the main paper, the time resolved neutron diffraction pattern from the high-flux measurement at the ILL were fitted by the single peak pattern decomposition method. The 111 and 200 peaks of Cu were fitted with a pseudo-Voigt 1 peak shape function and a third order polynomial background function in OriginPro 8.5.0G®. The ratio of the overlapping scattering intensities of the Cu-Peaks with the Al peaks of the reactor walls were estimated by measurements of the "empty can" at RT, 523 K and 603 K. During the fit of the Cu peaks the center, FWHM as well as the profile shape factor of the overlapping Al-Peaks were kept constant to achieve the leastsquares minimum amplitude of the overlapping scattering intensities. The graphical result of the pattern decomposition of the Cu and Al peaks is shown in Fig. S1 . To obtain the d-spacings of (111) and (200) shown in Fig. 2b , the wavelength determined for the Na 2 Ca 3 Al 2 F 14 standard (089127, ID529386)
[S4] was used in Bragg's equation and the raw peak positions were corrected by the zero-shift value resulting from the standard pattern refinement (0.97758 ±0.0052 °2). The Cu lattice parameter shown in Fig. 3 has been determined accordingly from the position of the 111 peak. The high-resolution data recorded at ECHIDNA was treated accordingly to obtain the data set shown in Fig. 2a , but using the wavelength of the NIST LaB 6 standard sample (SRM 660a)
[S5] (ECH0005658, ID550625) for wavelength determination and the Rietveld-fit of the Cu reference powder recorded in the in situ setup for the determination of the zero-shift.
Attempt of size-strain-analysis of high resolution diffraction data [S6]
Size-strain analysis was carried out by the Williamson-Hall method on the high-resolution data. The peak widths obtained from the pattern decomposition procedure were corrected for the instrumental influences (instrumental broadening, Fig. S2 ). The used fitting function ("pseudo-Voigt 1") is a linear combination of a Gaussian and a Lorentzian component:
The integral breath of the pseudo-Voigt 1 is:
Wherein β pV is the integral breath of the scattered intensity, H is the FWHM and η is the profile shape factor ("Lorentz-Factor").
The Lorentzian contribution can now be calculated by 
